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| DANSK RESUMÉ
Formålet med denne afhandling er at beskrive den hurtige transiente udadgående kaliumstrøms (I to,f ) rolle i raske og syge hjerter med fokus på mennesket og store dyr.
Hjertets aktionspotentialer dannes spontant i sinusknuden og udbredes gennem forkamrene til atrioventrikulaerknuden, derfra videre gennem det His'ske bundt i septum til Purkinjefibrene i hjertekamrene og endelig til det arbejdende myokardium. Hos primater og rovdyr, som menneske og hund, findes Purkinjefibrene udelukkende endokardielt, og depolariseringsbølgen spredes gennem myokardiet til epikardiet. Dette resulterer i en forsinket aktivering af epikardiet på 20-30 ms sammenlignet med endokardiet. På trods af forskellen i aktiveringstid kontraherer de forskellige lag af ventrikelvaeggen synkront. Der er markante regionale forskelle i aktionspotentialernes form i ventrikelvaeggens lag i hunde-og menneskehjerter: I epi-og midmyokardiet har aktionspotentialerne en fremtraedende tidlig repolarisering, hvilket resulterer i en "spike-and-dome"-morfologi. Spike-and-domemorfologien findes ikke i endokardielle aktionspotentialer.
Denne forskel i den tidlige repolarisering skyldes en transmural gradient af I to,f med lav/ingen I to,f -ekspression i endokardiet og høj ekspression i mid-og epikardiet. Det er tidligere foreslået, at denne transmurale I to,f gradient er vigtig for synkronisering af Ca 2+ -frigivelse og kontraktion på tvaers af ventrikelvaeggen. Hos hov-og klovdyr, som hest og svin, traenger Purkinjefibre dybt ind i ventrikelvaeggen, hvilket resulterer i simultan aktivering af alle ventrikulaere lag. I disse arter udviser aktionspotentialerne ikke en spike-og-dome-morfologi, og der er kun små transmurale forskelle i aktionspotentialernes form. Disse observationer giver anledning til:
Hypotese 1: En koordineret sammentraekning af endo-, mid-og epikardiet i ventrikulaervaeggen kan skyldes anatomiske tilpasninger, såsom dybt penetrerende Purkinjefibre (som hos gris og hest) eller regionale forskelle i ekspressionsniveau af I to,f hvilket resulterer i en transmural gradient i aktionspotentialernes tidlige repolarisering (som hos menneske og hund).
Hos menneske og hund er mange hjertesygdomme forbundet med aendringer i I to,f . Øget I to,f kan resultere i Brugada-syndromet, mens hypertrofi og hjertesvigt er associeret med et fald i I to,f og en reduceret tidlig repolarisering i midt-og epikardiet. Reduceret I to,f antages at bidrage til nedsat calciumhåndtering og kontraktion på grund af følgende mekanismer: (a) I den enkelte hjertecelle vil reduceret I to,f og dermed tidlig repolarisering medføre nedsat Ca 2+ influx gennem de spaendingsafhaengige L-type -transienter og kontraktion på tvaers af hjertevaeggen. Dette reducerer hjertets energiforbrug og forbedrer derved hjertets effektivitet i forhold til iltforbrug.
| SUMMARY IN ENGLISH
The aim of this dissertation was to describe the role of the fast transient outward potassium current (I to,f ) in healthy and diseased hearts with a focus on the human heart and hearts from large animals. The electrical impulses of the heart are spontaneously generated in the sinoatrial node (SAN) and spread through the atria to the atrioventricular node (AVN), into the septum through the bundle of His, the bundle branches and finally to the Purkinje fibres and the working myocardium. In primates and carnivores, like human and dog, the Purkinje fibres are exclusively found in the endocardium and the depolarization wave has to travel through the working myocardium resulting in a delay in epicardial activation of approximately 20-30 ms. Yet, despite this delay, the ventricular layers contract in unison. There are marked regional differences in the configuration of the action potentials in human and canine hearts. The epi-and midmyocardium exhibit a prominent early repolarization resulting in a spike-and-dome morphology of the action potentials that is absent from the endocardium. This gradient is because of a graded expression of I to,f . It has been proposed that the gradient in early repolarization is important to synchronize Ca 2+ release and contraction across the ventricular wall. In ungulates, like horse and pig, the Purkinje fibres penetrate the entire ventricular wall, resulting in a simultaneous activation of all ventricular layers. In these species action potentials do not exhibit a spike-and-dome morphology and only minor differences are observed in action potential shape across the ventricular wall. These observations gave rise to Hypothesis 1: A coordinated contraction of the endo-, mid-and epicardial layers of the ventricular walls can be the result of anatomical adaptations, such as deep penetrating Purkinje fibres (eg, porcine and equine hearts) or regional differences in expression of I to,f resulting in a transmural gradient in the early repolarization of the ventricular action potentials (eg, human and canine hearts).
In human and canine hearts, changes in I to,f expression have been linked to cardiac disease. Increased I to,f may result in the Brugada Syndrome (BrS) whereas decreased I to resulting in a reduced early repolarization is found in hypertrophic and failing hearts. This is thought to contribute to the impaired calcium handling and contraction by the following mechanisms: (a) Reduced I to,f and early repolarization result in decreased calcium current (I CaL ), which in turn results in smaller and less synchronized Ca 2+ transients in the individual cardiomyocytes. (b) In human and canine hearts the loss of I to,f results in a loss of the transmural gradient of early repolarization. As this gradient is important for the synchronization of Ca 2+ transients and cellular shortening across the ventricular wall this may further aggravate the contractile dysfunction of the failing heart. We have recently identified two activators of I to,f and we propose: 
| Ventricular layers
For canine wedge recordings 7 the endocardial layer (Endo)
is defined as 0-3 mm from the endocardial surface and the epicardial layer (Epi) is defined as 0-3 mm from the epicardial surface of the tissue. The midmyocardium (Mid) is defined as the central 5 mm.
| INTRODUCTION-ELECTRICAL
ACTIVITY OF THE HEART
| Aim and hypotheses
The aim of the present dissertation was to describe the role of the fast transient outward potassium current (I to,f ) in healthy and diseased hearts. The Introduction includes a general description of the electrical activity in the hearts of large animals and a comparison of the electrical activation of ungulate hearts (exemplified by porcine and equine hearts) with hearts of primates and carnivores (exemplified by human and canine hearts respectively). In the main part of the thesis the regional heterogeneity of ventricular action potential morphology and its implications for cardiac function are discussed with the main focus on I to,f . Based on my findings and research from other groups the following hypotheses are proposed: This decreases the energy expenditure of the heart and improves cardiac efficacy.
| The electrocardiogram, ECG
The orderly pattern of depolarization and repolarization during the cardiac cycle gives rise to the characteristic deflections on the electrocardiogram (ECG). In its simplest version, the ECG can be obtained by placing electrodes on three limbs as in Einthoven's triangle, where lead I represents the voltage difference between the right and left arm (or foreleg), lead II the difference between the right arm and the left leg (or hind limb) and lead III the difference between the left arm and the left leg ( Figure 1A ). From these electrodes, the unipolar augmented limb leads aVR, aVL and aVF ("a" for augmented, "V" for vector, "R" for Right, "L" for left and "F" for foot) can be obtained. Together these leads form the hexaxial reference system ( Figure 1B ). In addition, precordial leads (V1-V6) are often added, resulting in the 12 lead ECG. A depolarizing wave moving towards a positive electrode will result in a positive deflection on the ECG. The heart's electrical axis is the general direction of the ventricular depolarization wave front and can be determined by identifying the lead with the largest positive amplitude of its R wave. The ECG intervals in different leads may vary and often lead II is used as the standard lead. In lead II, the depolarization of the atria results in a positive deflection, the P wave and the QRS complex reflects the rapid depolarization of both ventricles.
† . The T wave represents ventricular repolarization and hence, the QT interval represents the period the ventricles are depolarized. Figure 1C shows the timing and configuration of action potentials in different regions of the heart and their reflection on the ECG. Thus, the ECG conveys a large amount of information about the electrical properties of the heart as well as its structure and position.
| The cardiac conduction system
The cardiac conduction system consists of a network of specialized myocardial cells that generates the cardiac rhythm and assures a fast and coordinated propagation of the electrical impulse resulting in an efficient contraction of the heart. The normal cardiac impulse is generated by spontaneous depolarization of specialized pacemaker cells in the sinoatrial node (SAN). The human SAN is a crescent-shaped structure located subepicardially at the junction of the right atrium and the superior vena cava and extending along the crista terminalis. 9 The depolarizing impulse propagates through the atria and initiates atrial contraction. Atrial contraction occurs late in the ventricular diastole where the pressure in the ventricles is low, which allows opening of the atrioventricular valves. Normally atrial contraction confers a minor additive effect to ventricular filling. From the atria the depolarization reaches the atrioventricular node (AVN) located at the base of the atrial septum. The AVN serves several important functions: (a) It provides a conduction delay between the atria and the ventricles. This allows the atrial systole to take place before the ventricular systole. (b) The AVN has a relatively long refractory period which protects the ventricles from atrial tachyarrhythmias and finally (c) the AVN can serve as a pacemaker because of the intrinsic pacemaker activity; however, normally this activity is suppressed by impulses originating from the SAN. Distal to the AVN is the penetrating bundle which is embedded in the central fibrous body. The penetrating bundle emerges on the crest of the ventricular septum and becomes the bundle of His. The bundle of His bifurcates to form the right and left bundle branches. The bundle branches are electrically insulated from the underlying myocardium by connective tissue. [9] [10] [11] This ensures rapid conduction of the electrical impulses to the apex of the ventricles without activation of the base of the heart. The Purkinje network forms the terminal part of the cardiac conduction system. At specific sites the insulating sheaths are lost and the Purkinje network can depolarize the working myocardium.
no intramural fibres have been found in dog, mouse or human hearts. 10, 12, 16 The presence or absence of the intramural network does not appear to be related to heart size, as some small animals such as rats do have intramural fibres. 12 The distribution the Purkinje network is physiologically important as the conduction velocity of electrical impulses is much higher in Purkinje fibres (2-3 m/s) than in myocardial cells (0.3-0.4 m/s). 17, 18 Thus, the absence or presence of deep Purkinje fibres affects the activation pattern of the ventricular wall. Interestingly, Hamlin and Smith categorized domestic animals into two categories based on the activation pattern of ventricular depolarization ( Figure 2 ). Category A includes primates and carnivores. They are characterized by a depolarization that spreads through the endocardium from the apex to the free walls, then from the endocardium to the epicardium and finally the base and septum are depolarized. Category B is represented by the ungulates, including cow, horse, pig, sheep and whales where the endocardium is activated first followed by a single burst of activation that excites the masses of the ventricles simultaneously. This burst of depolarization is caused by the deep penetrating Purkinje fibres. 14, 19 Based on the cytoachitecture of the Purkinje fibres and network, a separate Category C for rodents and lagomorphs has been suggested. 15, 20 In the following, the focus will be on large mammalian hearts, in particular the differences between Category A and B hearts. It should be noted that the ungulates do not represent a cladistic (evolution based) group but rather a phenetic group (similar, but not necessarily related) and some ungulates may be closer related to carnivores or primates than to other ungulates. See for example Graphodatsky et al, 21 for a depiction of the historic divergence relationships among the living orders of mammals. The path of activation is reflected in the QRS complex on the body surface ECG (Figures 2 and 3) . The deep penetrating Purkinje fibres allow the QRS complex of the porcine heart to be shorter than that of canine hearts of equal size 19, 22, 23 as the transmural conduction velocity is faster in porcine hearts compared to canine hearts. 24 Furthermore, the wave of depolarization producing the major body surface R wave potential is found in aVF in dog or V5 in man (lateral surface leads) suggesting that the depolarization wave propagates from the endo-to the epicardial surface in the left ventricular free-wall. In contrast, the freewalls of porcine hearts are activated almost simultaneously and the wave of depolarization producing the major body surface R wave potential is found in V10. Lead V10 is positioned on the seventh dorsal spinous process that registers potential difference in the apex to base direction. Other marked differences in the QRS complex between dogs and pigs can be found; in lead II the canine ECG has an qRs configuration whereas the porcine ECG exhibits a qrS configuration as shown in Figure 3 . 19 Although the activation pattern is similar in human and canine hearts there are differences in the ECG waveform that originate from the different orientation of the heart in the thoracic cavity, however, for leads facing comparable portions of the heart, the QRS complexes are similar in human and dog whereas the pig differs markedly. 14 
| The cardiac action potential and underlying ionic currents
The cardiac action potential is because of the orchestrated activation of different ionic currents. It can be divided into 5 phases: Phase 0, the depolarization phase because of the activation of a rapid sodium current; Phase 1, the early repolarization phase because of the activation of transient outward potassium currents; Phase 2, the plateau phase resulting from activation of calcium current as well the contribution of a persistent or late sodium current; Phase 3, the late repolarization phase because of the activation of delayed rectifying potassium current and inwardly rectifying potassium currents and finally; Phase 4, the resting phase where inwardly rectifying potassium currents and leaky potassium channels set the resting membrane potential close to the equilibrium potential for potassium. Not all phases are present in all cardiac cell types and there are marked variations between species; small animals such as mice have resting heart rates of 250-500 beats per minute (bpm), the action potentials are short and triangular without a clearly defined plateau phase resulting in an overlap of the early and the late repolarization phase. Large animals, like pigs, dogs and humans have slower resting heart rates, 70-120 bpm, the action potentials are longer and have extended plateau phases. Action potential shape varies in different regions of the heart reflecting differential expression of ion channels and transporters ( Figure 1C ). Action potentials propagate in the heart via gap junctions. Gap junctions are comprised of connexins (Cx) that form cellto-cell channels. This electrical coupling of the cells makes the heart work as a syncytium and will tend to even out differences in electrical potential between cells.
25,26
| Nodal action potentials
The action potentials of nodal cells (SAN and AVN) are markedly different from those in atrial or ventricular cells ( Figure 4 ). The maximum diastolic potential is close to −60 mV and exhibits a spontaneous depolarization called the pacemaker potential which accounts for the intrinsic pacemaker activity. The pacemaker activity is at least partly because of the activation of the "funny" current (I f ) but cyclic release of calcium from the SR, the "calcium clock" also plays a role. 27 I f is carried by hyperpolarization activated cyclic-nucleotide gated (HCN) channels that permits passage of both Na + and K + . 28 In human pacemaker cells, HCN4 is the predominant subtype. 29 I f depolarizes the membrane potential to the threshold for activation of voltage gated calcium channels. Because the depolarization is mediated by calcium currents, the action potential upstroke has a slow velocity and the amplitude is low. Both L-(Long lasting) and T-(Transient opening) type Ca 2+ channels are present in the SAN. I CaL is responsible for the initiation of the action potential upstroke and is mainly carried by Ca V 1.3 channels. In contrast, ventricular I CaL is carried mainly by Ca V 1.2 channels. Ca V 1.3 activates at more negative potentials compared to Ca V 1.2 30 and this may be advantageous in pacemaker cells. T-type calcium channels (Ca V 3.1-3.3) contribute mainly to the late phase of the depolarization. 31 The repolarization is because of the inactivation of the calcium channels and activation of the delayed rectifier potassium currents I Kr (Rapid) and I Ks (Slow), 32, 33 mediated by the K V 11.1 34 and K V 7.1+ KCNE1 channels respectively. 35, 36 The acetylcholine activated inward rectifying current I K,Ach (mediated by Kir3.4+ Kir3.1) determines the excitability of the cells and is important for autonomic regulation of cardiac activity, see Section 6.6. 37, 38 The inward rectifying potassium current I K1 mediated by Kir2 channels is absent from nodal tissue. Because of the source-sink mismatch it is important that the SAN and AVN are electrically insulated from the surrounding polarized atrial myocardium. Differential expression of gap junction proteins is crucial for this insulation. The central nodes are devoid of the large and medium conductance connexins Cx40 and Cx43 that are responsible for efficient cell-cell coupling in the ventricles, 10, 11 rather the small conductance Cx45 are expressed in nodal tissue. 39 This results in a relatively weak coupling of the nodal cells. Towards the periphery of the SAN the electrical coupling improves with expression of both Cx45 and Cx43. 39 
| Atrial action potentials
Propagation of the depolarization from SAN cells to atrial cells through gap junctions results in the activation of large, rapidly activating sodium currents (I Na ) carried by Na V 1.5 voltage gated sodium channels. This results in a rapid upstroke of the atrial action potential ( Figure 5 ). Na V 1.5 inactivates rapidly but the depolarization activates I to,f carried by K V 4.2/3 and I to,s carried by K V 1.4 channels 40 as well as the ultra-rapid current I Kur mediated by K V 1.5, resulting in an early depolarization. The rapid depolarization also activates I CaL carried by Ca V 1.2 channels that maintains the depolarization during the atrial plateau phase. Compared to ventricular cells, the atrial plateau potential is less depolarized. Atrial action potentials are often described as short and triangular in isolated cardiomyocytes, however, atrial action potentials recorded from intact tissue have a longer plateau phase and a duration comparable to ventricular action potentials. 40 The late repolarization is a result of inactivation of Ca V 1.2 and a concomitant activation of voltage dependent potassium channels, including the delayed rectifying channels, I Kr and I Ks . The inward rectifier current I K1 contributes to the late phase of repolarization of the action potential and is important for setting the resting potential. I K1 expression is very low in the atria compared to the ventricles resulting in a resting membrane potential of approximately −80 mV compared to −90 mV in the ventricles. 38, 41, 42 In contrast, I K,Ach is large in atrial cells
where it determines the cellular excitability. I K,Ach is absent from ventricular cells. 37, 38 Other currents, including the small conductance potassium current mediated by SK channels, 43 K V 3 channels, the two-pore-domain potassium leak channels TWIK and TASK 44 as well as different pumps also contribute to the membrane potential. 30 As a result of differential expression of the repolarizing potassium channels, the action potential shape shows some heterogeneity in different areas of the atria. 42, 45 From the atria the depolarization wave reaches the AVN. The action potential configuration is reminiscent of action potentials in the SAN, however, the upstroke velocity is slightly faster (20 V/s), the resting membrane potential is a little more negative, approximately −65 mV, and the rate of the spontaneous depolarization is slower compared to SAN. 42 The expression profile of ion channels is similar to the SAN, including expression of I f , I CaL carried by Ca V 1.3 rather than Ca V 1.2 and lack of I Na and I K1 . Rather than Cx43, the small conducting Cx45 gap junction isoform is expressed. 30 The expression of Cx45 and the absence of a functional I Na result in a slow conduction velocity of approximately 5 cm/s through the AVN. 30 The conduction delay in the AVN permits the atrial systole to occur before the ventricular systole.
| Action potentials in the His-Purkinje system
After traversing the AV node the electrical impulses reach the bundle branches and the His-Purkinje system (Figure 6 ). The Purkinje fibres are optimized for rapid conduction (2 m/s), 30 which is reflected in the abundant expression of both the large-and intermediate-conductance gap junctions, Cx40 and Cx43. Another contributing factor to the fast conduction is large Na V 1.5 currents resulting in a fast velocity of the AP upstroke (400-800 V/s). 42, 46 The resting membrane potential is very negative (approximately −90 mV), increasing the available I Na . The upstroke is followed by a repolarization because of the The experimental conditions are described in Calloe et al, 40 and
Calloe et al 38 rapid inactivation of I Na and activation of I to . 47 The plateau phase is less depolarized compared to ventricular cells, 47 likely as a result of a lower I CaL expression. The early repolarization and plateau phases determine the amplitude of I Kr . At fast pacing the early repolarization is reduced as there is less time available for I to to recover from inactivation resulting in a more positive plateau phase. This in turn results in a larger amplitude of I Kr and a shortening of the action potential duration (APD). 47 At slow rates I to is large and I Kr is small resulting in longer action potentials. This suggests I to play a role in rate adaptation of the APD. In general, Purkinje fibres have longer APD compared to ventricular cells, 38 possibly because of lower expression of I Kr , I Ks and I K1 . 48 A spontaneous phase 4 depolarization is found in Purkinje fibres proximal to the bundle branches, 49 however, in free running Purkinje strands from canine ventricles the resting membrane potential is stable. 38 
| Ventricular action potentials
Compared to the atria the resting membrane potential of ventricular cells is more negative, approximately −90 mV (Figure 7) . The action potentials have a fast upstroke velocity (∼350 V/s) due a high expression of Na V 1.5 channels. 40, 42 Rapid inactivation of Na V 1.5 and concomitant activation of I to,f mainly carried by K V 4.3 with the auxiliary β-subunit KChIP2 underlies the early repolarization resulting in a spike-and-dome morphology of action potentials in mid-and epicardial layers. 40, 50, 51 In large animals, I to contributes little to the plateau phase and late repolarization because of its rapid inactivation kinetics. However, in smaller animals, such as mice and rats, with short action potentials I to constitutes a major late repolarizing current. 52 The plateau phase is beause of the activation of the L-type channel Ca V 1.2. The repolarization is a result of inactivation of Ca V 1.2 and the activation of I Kr and I Ks and finally I K1 . 30 The plateau phase is assisted by special properties of these repolarizing currents; I Ks activates slowly, I Kr activates rapidly, but the activation is overlapped with a rapid inactivation process. This inactivation is first released when the membrane potential starts to repolarize at the end of the plateau phase allowing I Kr to contribute the late repolarization. I K1 is strongly inwardly rectifying resulting in little current during the plateau phase. 38, 41, 44 Besides contributing to the late repolarization, I K1 clamps the resting membrane potential close to the equilibrium potential for potassium. In many species the action potential configuration differs markedly in different regions of the ventricles ( Figure 7 ). This will be discussed in details in Section 36.
| Excitation-contraction
In the ventricle the majority of the L-type Ca 2+ channels are located in the T-tubules facing clusters of ryanodine receptors (RyR) in the SR (Figure 8 ). These clusters may contain more than 100 RyRs. 
| Neurohumoral regulation
The heart is under constant autonomic regulation and the activity of many ion channels is modulated by catecholamines and acetylcholine. Additionally, many voltage-gated ion channels exhibit a strong time-dependence because of the slow activation or deactivation kinetics or a time-dependent release from inactivation. This implies that changes in the heart rate will also directly affect many currents involved in the cardiac action potential.
| Sympathetic regulation of the heart
In humans, activation of the sympathetic nervous system can increase the heart rate from approximately 70 to almost 200 bpm. The effect of the sympathetic system is mediated by catecholamines released from postganglionic neurones (noradrenaline) or from the chromaffin cells of the adrenal medulla (adrenalin and noradrenalin) directly to the bloodstream. The β 1 adrenergic receptor is the major effector in the heart, but other adrenergic receptors are also of importance. Activation of β 1 receptors triggers an intracellular cascade resulting in formation of cyclic adenosine monophosphate (cAMP) and activation of protein kinase A (PKA, Figure 9 ) and phosphorylation of multiple targets 59 resulting in increased chronotropy, dromotropy, inotropy and lusitropy of the heart. The chronotropy of the heart is increased by binding of cAMP directly to the HCN channels resulting in increased I f and an acceleration of the spontaneous depolarization in the SAN pacemaker cells. 29, 60 It is crucial to ensure adequate diastolic filling time during fast heart rates and action potentials are markedly shortened by sympathetic stimulation; this is mainly because of PKA-mediated phosphorylation of K V 7.1 resulting in increased I Ks . The vagus nerve innervates the SAN and AVN as well as both atria. Cholinergic innervation of the ventricles is believed to be absent or sparse, 70 though this view has been challenged in porcine hearts. 71 Acetylcholine released during vagal stimulation has a marked negative chronotropic effect on the heart. This effect is principally mediated by acetylcholine receptors of the muscarinic type 2 (M2). The M2 receptors are predominantly expressed in atrial and nodal tissue and are sparse in the ventricles. 72 They are generally coupled to pertussis toxin sensitive G proteins (G 0 / G i ). Binding of acetylcholine causes dissociation of the coupled G protein ( Figure 9 ) and the α i/0 subunit inhibits the adenylate cyclase and reduces cAMP formation resulting in decreased I f and automaticity. In human 1, [81] [82] [83] [84] and canine hearts, 50, 51, [85] [86] [87] there are marked differences in action potential morphology across the ventricular wall ( Figure 10 and Table 2 ). Action potentials from the mid-and epicardial layers have a pronounced early repolarization resulting in a "spike-and-dome morphology" that is lacking in the endocardium. The magnitude of the early repolarization mirrors the expression of I to , with a high expression of I to in epi-and midmyocardial layers. The transmural difference in early repolarization is reflected on the transmural ECG as a J-wave ( Figure 10 ). 50, 87 Cardiac action potentials from other animals, such as pig, 100,102 cow 107 and horse 104, 105 do not exhibit the spikeand-dome morphology and there appear to be minor/no differences in action potential shape from endo-, mid-and epicardial cells (Table 2 and Figure 11 ). Figure 12 . The action potential configuration will not only affect L-type Ca 2+ currents but in turn also the shape and timing of the intracellular Ca 2+ transients and cell shortening (Figure 13 ] i and the probability of triggering a Ca 2+ spark (P Spark ) is not linear 57, 126 and the increased Ca 2+ influx associated with an early depolarization results in marked increase in P Spark . 57, 126 The increase in P Spark results in faster and more synchronized transients as shown in Figure 13A . 125 The effect of the early repolarization on Ca 2+ transients is also reflected on cell shortening. has been ascribed to K V 1.4, but K V 1.5 may also contribute as K V 1.5 mRNA has consistently been found in human and canine ventricles 51, 132, 133 and in many species the molecular identity of I to,s remains poorly defined. 1 I to,f channels consist of a tetramer of pore-forming K V 4 α subunits ( Figure 14) . 134 In human and canine hearts K V 4.3 is the predominant α subunit of I to,f , 51,131 but K V 4.2 mRNA has been reported in human ventricle. 135 Recently, a mutation in the gene encoding K V 4.2 have been reported in a patient with a J-wave syndrome further supporting a functional role for K V 4.2 in the human ventricle. 136 Currents recorded from heterologously expressed K V 4 channels do not recapitulate native cardiac I to,f and K V 4 subunits have been shown to assemble with several β subunits and other regulatory factors. 1, 67, 137 The K + Channel
Interaction Protein 2 (KChIP2) increases K V 4.3 current density by facilitating trafficking, slowing inactivation and accelerating recovery kinetics. 92, 126, 138 KChIP2 mRNA is more abundant in mid-and epicardium than in endocardium and this differential expression has been suggested to underlie the gradient in I to, f . 51, 90, 132 Besides KChIP2, the dipeptidyl-peptidases (DPP6 and DPP10) interact with K V 4 channels. 139, 140 DPP6 is expressed in the heart and similar to KChIP2, DPP6 enhances K V 4.3 trafficking and accelerates recovery from inactivation. In contrast to KChIP2, DPP6 accelerates K V 4.3 inactivation 137, 140 and increases single channel conductance. 141 DPP10 mRNA has been detected in atrial tissue, 142 but it is still unclear whether DDP10 is found in ventricular tissue. 143, 144 Several members of the promiscuous KCNE β subunit family modulates K V 4 currents in heterologous systems and mutations in KCNE subunits affecting K V 4.3 current density and/or kinetics have been implicated in cardiac arrhythmias in humans. [147] [148] [149] [150] [151] [152] [153] KCNE2 has been reported to induce an "overshoot" in K V 4.3 peak currents during recovery from inactivation; the overshoot implying that the peak amplitude of the recovered current is transiently larger than that of the current activated by the reference pulse. 154 This overshoot was also reported for human epicardial I to by the same group. 88 However, for K V 4.3 and KCNE2
expressed in Xenopus laevis oocytes we did not observe this phenomena 137 and I to in canine cardiomyocytes does not exhibit an overshoot during recovery. 51 The reason for this discrepancy has not been resolved. Other subunits have been proposed to modulate I to,f including the neuronal calcium sensor-1 (NCS-1), 155 These toxins bind to the extracellular linker region between transmembrane segments S3B and S4 160, 163 and interfere with the channels gating mechanism resulting in a stabilization of the closed state configuration. 163, 164 Recently, it has been shown that K V 4 channels can be blocked by the AmmTX3 of the α-KTX15 family of scorpion toxins, principally in the presence of the auxiliary subunits DPP6 and DPP10. 165 Besides spider toxins, K V 4 currents and I to,f can be blocked by 4-aminopyridine (4-AP) in the millimolar range. 166 However, 4-AP also blocks K V 1 channels and I to,s in the micromolar range. Interestingly, the underlying mechanisms are different; 4-AP binds to I to,f channels in the closed state and to I to,s channels in the open-state, resulting in different use-dependence effects. 96 I to,f is also blocked by several sodium channel blockers, including flecainide, 166 and quinidine 167 as well as several calcium channel blockers, including nifedipine. 168 We have recently added to the list of I to modulating drugs by identifying two bis-phenyl urea compounds, NS5806 50 and NS3623. 169 Both compounds increase I to,f .
NS5806 has been suggested to modulate the interaction The magnitude of the early repolarization is the result of a balance between depolarizing and repolarizing currents. NS5806 increases the early repolarization in canine epicardial cells (Figure 15 ). 50 The increase in early repolarization affects APD in canine hearts resulting in two possible outcomes: (a) A deep "notch" and a delay of the action potential dome. This is associates with a marked prolongation of the APD. (b) Alternatively, the early repolarizing overpowers I CaL resulting in "loss-of-the-dome" and dramatically abbreviated action potentials, reminiscent of those found in small rodents ( Figure 15B) . 50, 52, 125, 175 In rodents and lagomorphs where I to,f contributes to late repolarization, increased I to,f results in a shortening of the action potential. 114 Thus, the effect of increasing I to,f on action potential duration is species dependent. In isolated canine midmyocardial cells NS5806 increases I to,f peak currents and slows current decay (Figure 15C -E) resulting in a large increase in total charge carried by I to ( Figure 15F ).
The increase in I to is only found in mid-and epicardial cells, where NS5806 increases I to density by approximately 80% at +40 mV. In endocardial cells where I to density is low, the effect of NS5806 is not significant (Figure 16 ). Application of NS5806 results in a significant left shift of the voltage-dependence of steady-state inactivation in all three cell layers ( Figure 17 ). This shift in steady-state inactivation would tend to decrease currents, highlighting the complex and multiple effects of NS5806 on I to gating.
In isolated canine mid-and epicardial myocytes, the time-dependent recovery from inactivation of I to follows a bi-exponential course. NS5806 accelerates recovery from inactivation and in the presence of NS5806 the recovered current follows a mono-exponential time course (Figure 18 ). There are no significant effects of NS5806 on recovery of Endo I to . 51 Surprisingly, NS5806 slows recovery from inactivation of K V 4.3 channels expressed in heterologous systems and co-expression of K V 4.3 with different regulatory β subunits does not recapitulate native I to with regard to the effects of NS5806. 137 This prompted us to investigate the effect on other ion channels. 40, 50, 137 Interestingly, K V 1.4 channels are inhibited by NS5806. This suggest that the acceleration of recovery from inactivation observed in canine mid-and epicardial myocytes is due concomitant enhancement of the fast recovering I to,f and block of the slowly recovering I to,s , in agreement with a shift from a bi-exponential to a monoexponential time course of recovery. This is further supported by experiments where K V 4.3+ KChIP2+ DPP6 are co-expressed with K V 1.4 channels in Xenopus laevis oocytes. 137 6.4 | Pathophysiological implications of I to,f 6.4.1 | I to,f and cardiac arrhythmias I to,f has been implicated in several pathophysiological conditions and inherited syndromes, including the Brugada syndrome (BrS). The BrS is a condition associated with an increased risk of ventricular fibrillation and sudden cardiac death, often triggered by fever or increased vagal tone. The prevalence of the BrS is estimated at 1-5 per 10 000 inhabitants worldwide. Males are more commonly affected than females. The BrS is characterized by elevated J waves or ST segments in the right precordial leads in the absence of structural heart disease. 176 However, the underlying electrophysiological mechanism(s) of this defining feature is still being debated. Two hypotheses have been proposed (Figure 19) : The depolarization hypothesis relies on right ventricular conduction slowing and involvement of (mild) structural abnormalities. The conduction slowing results in a delayed activation of the right ventricular outflow tract (RVOT) compared to other regions of the right ventricle (RV) and the resulting electrical gradient is reflected on V2 leads as an ST segment elevation ( Figure 19 , Left Panel). The repolarization hypothesis relies on an imbalance between depolarizing and repolarizing currents in the early part of the action potential. If I Na is decreased or I to increased, the early repolarization may overpower I CaL which may results in loss-of-the-dome of action potentials in mid-and epicardial cells. Because I to,f is not expressed in endocardial cells, the action potential plateau is preserved in those cells. The resulting disparity in early repolarization sets the stage for phase 2 re-entry arrhythmias and is suggested to underlie the J wave elevation associated with the BrS. The repolarization hypothesis is supported by experimental data from canine ventricular wedge preparations were I to was increased by NS5806 ( Figure 19 , Right panel). However, both hypotheses are strongly supported by experimental and clinical evidence (for more details, see Point/Counterpoint Discussion 177 ) and the two hypotheses are not mutually exclusive. It is thus possible that both mechanisms contribute to the pathology. Thirty percent of the BrS cases have been linked to loss-of-function mutations in cardiac I Na but in the majority of patients the underlying mechanism remains unresolved. 179 Recently, gain-of-function mutations in K V 4. 175 This is in agreement with our experimental data using the I to,f activator NS5806 in the canine wedge model (Figure 19 ). We have identified a K V 4.3 gain-of-function (Ala545Pro) in early onset atrial fibrillation (AF). 181 Atrial action potentials do not exhibit the classical spike-and-dome configuration and modelling studies suggests that in the atria increased I to,f lowers the voltage of the plateau phase and abbreviates the atrial action potential. 181, 182 The AF patient did not exhibit a BrS ECG phenotype under a flecainide challenge 181 Since increased early repolarization may play a central role in the BrS, I to blockers could potentially be of therapeutic value. In support of this, quinidine has been shown to reduce the occurrence of arrhythmias in BrS patients. 183 However, quinidine is associated with frequent gastrointestinal side-effects 179 and development of better I to antagonists could potentially be beneficial for treating BrS patients. Besides being expressed in the heart, K V 4.3 has important roles in neuronal tissue. Several amino acid substitutions in K V 4.3 have been associated with inherited spinocerebellar ataxia (SCA), a progressive disease associated with atrophy of the cerebellum causing ataxia of gait, limbs and eye movement as well as speech impediments. [184] [185] [186] The reported SCA K V 4.3 mutations exhibit impaired folding and exert a dominant negative effect on trafficking and surface expression of wild-type K V 4.3 resulting in neuro-degeneration. 184, 187 Notably, Leu450Phe has been associated with both BrS and SCA. 188 This puzzling observation has not been resolved, but electrophysiological studies revealed Leu450Phe results in a gain-of-function of K V 4.3. For the loss-of-function mutations associated with SCA, no cardiac phenotype has been reported to date 184, 187 and, similarly, no neuronal phenotype have been reported for the BrS or AF associated gainof-function mutations.
| I to,f in heart failure
Heart failure (HF) is defined as "a complex clinical syndrome that can result from structural or functional cardiac disorders that impairs the ability of the ventricles to fill or eject blood". 189 Typically HF represents the final stage of various cardiac diseases including ischaemia, valvular diseases or hypertension. Diagnosis of HF is based on the presence of symptoms such as dyspnoea, fatigue, limited exercise tolerance and oedema. 190 Initially increased sympathetic stimulation compensates for the reduced cardiac output by maintaining blood pressure and cardiac output. However, this increases the metabolic demands of the hearts and decreases the cardiac efficacy. During the progression of HF a cascade of events occurs, including fibrosis, ultrastructural changes, cellular hypertrophy, loss of T-tubules 191, 192 and alterations in Ca 2+ cycling proteins. 193, 194 Normally Ca V 1.2 channels are predominantly found in the T-tubules positioned opposite to clusters of RyRs in the SR. Disruption of the T-tubular system alters this spatial organization and contributes to a less synchronized CICR. 191, 192 handling are thought to play an essential part in the progressive deterioration of cardiac function in heart failure. Beside changes in ultrastructure and Ca 2+ homeostasis, the cellular electrophysiology is also affected by hypertrophy and heart failure. Several of the repolarizing potassium currents are down-regulated including I to,f and I Kr . 133, 192, [199] [200] [201] [202] We found a progressive reduction in I to in isolated canine LV cardiomyocytes in a canine model where hypertrophy was induced by ventricular tachypacing for either 2 or 5 weeks (Figure 20 ). This reduction in I to was reversed by application of NS5806 (10 μmol/L). In cardiomyoctes from hearts tachypaced for 2 weeks, I to was completely restored to normal and in cardiomyocytes from hearts tachypaced for 5 weeks there was a significant increase in I to after application of NS5806. 200 The mechanism(s) underlying the down-regulation of I to,f are not fully understood. Activated calcineurin may act as a physiological regulator of both the cardiac hypertrophic response 203 as well as I to down-regulation. 204 Similarly, CaMKII activity and expression are increased in CaMKII phosphorylation results in a decreased expression of K V 4.3 in canine cardiomyocytes. 206 The constitutive sympathetic activation could also play a direct or indirect role in the progression of HF and in the down-regulation of I to,f . 207 Ventricular expression of KChIP2 is decreased in patients with HF 154, 208 as well as in experimental models of hypertrophy. 209, 210 The loss of KChIP2 has been proposed to underlie the decreased I to and gene transfer of KChIP2 attenuates the development of ventricular hypertrophy in aortic banded rats supporting a regulatory role of KChIP2 in hypertrophic remodelling in rats. 209 However, down-regulation of KChIP2 is not a consistent finding in HF 133, 211, 212 and we found that the time course of the progression of hypertrophy is similar in WT and KChIP2 deficient mice. 210 The reduction in I to results in a reduced early repolarization of mid-and epicardial action potentials. The reduced I Kr results increased APD in all layers of the ventricular wall in failing hearts (Figure 21 ). Application of NS5806 resulted in at least a partial restoration of the early repolarization in the mid-and epicardium, which is reflected in the augmented J wave on the transmural ECG. The action potential prolongation associated with HF was unaffected by NS5806.
In Category A hearts (eg, human and canine hearts), the loss of I to,f and early repolarization in HF could impair the contractile function by two different mechanisms: (a) Reduced I to,f and early repolarization result in decreased I CaL , smaller and dys-synchronized Ca 2+ transients at the single cardiomyocyte level. This has elegantly been demonstrated in healthy isolated rat, rabbit and feline ventricular cardiomyocytes where AP clamp using failing human action potentials resulted in depressed transients compared to AP clamp using healthy human action potentials as command. 92,126 (b) In Category A hearts, loss of I to,f results in a reduced transmural gradient of early repolarization as shown for canine hearts in Figure 20 . 200 As the transmural gradient in early repolarization may be important to synchronize Ca 2+ transients and cell shortening across the ventricular wall, we hypothesise that loss of I to,f affects the synchronization of transmural contraction and worsen energy expenditure in the failing heart. Yet, the effects of reduced I to,f on transmural coordination of contraction in failing hearts have not been thoroughly investigated. A study on human wedge preparations from normal and failing explanted hearts using voltage sensitive dyes demonstrated a tendency towards an increased delay from action potential upstroke to Ca 2+ transients, however, the effect was most pronounced in the endocardium. 127 Thus, these experiments do not fully support this hypothesis. establishes the transmural gradient of early repolarization. 200 The restoration of the transmural gradient of early repolarization may improve the synchronization of contraction across the ventricular wall and thereby reduce the stress of the failing heart. Based on the observations hypothesis 2 is proposed:
Restoration of I to,f in the setting of heart failure has several beneficial effects: (a) Restoration of I to,f increases Ca 2+ influx and Ca 2+ transients and thereby improve contractility at the cellular level. (b) By restoring I to,f , the transmural gradient in early repolarization is restored resulting in improve transmural coordination of Ca 2+ transients and contraction.
This decreases the energy expenditure of the heart and improves cardiac efficacy.
While it is evident that NS5806 restores the spike-anddome morphology in action potentials from canine wedge preparations from failing hearts, the R wave remains wide, reflecting hypertrophy and/or decreased conduction velocity ( Figure 21 ). 200 Furthermore, the AP prolongation is unaffected or even aggravated by NS5806 (Figure 19 ). Prolonged APD is associated with a high risk of early afterdepolarization (EAD) that may trigger arrhythmias. 193 The
EADs are thought to be the result of reactivation of I CaL which has recovered from Ca 2+ induced inactivation.
Approximately 50% of HF patients die from cardiac arrhythmias and indeed, these arrhythmias are typically triggered by EADs or delayed after-depolarizations (DADs). The DADs are initiated by spontaneous SR releases of Ca 2+ activating the electrogenic NCX. 213 This led us to investigate the effects of NS3623 that enhances both I to and I Kr on cultured canine cardiomyocytes. Previous studies have shown that ventricular cells in culture undergo electrical remodelling resulting in a reduced repolarization reserve, 214 including a reduction in I to , I Kr and I Ca . 215 In agreement with these results, we found that I to and I Kr in LV canine midmyocardial cells are reduced after 24 hours in culture and action potentials exhibit decreased early repolarization and prolonged duration associated with an increased tendency for EADs ( Figure 22 ). 169 Similarly to NS5806, NS3623 slows canine midmyocardial I to decay, shift the steady-state inactivation towards more negative potentials and accelerates recovery from inactivation. 169 The effects on action potential morphology in canine wedges are also similar to those of NS5806, except the concomitant enhancement of I Kr prevents the prolongation of the APD that is associated with activation of I to . 169 Application of NS3623 to cultured cardiomyocytes results in a partly restoration the early depolarization, a significant shortening of the APD and suppression of EADs (Figure 22 ). 169 These experiments suggest that there is potential benefit of modulation of I to,f as well as I Kr under conditions were the repolarization reserve is reduced, such as hypertrophy and heart failure.
| CONCLUDING REMARKS AND FUTURE PERSPECTIVES
Despite substantial differences in cardiac electrophysiology animal hearts are extensively used as models for human hearts when investigating mechanisms underlying cardiac diseases as well as in safety pharmacology. 216 These differences may have serious implications if research results are extrapolated from animals to humans. For instance, rodents and lagomorphs have fast heart rates and concomitant short APDs. In these species I to contributes to the late repolarization phase, thus, the effects of manipulating I to are not comparable to those in human hearts, 125 and precaution is warranted for many other currents. Canine and porcine hearts have been proposed to serve as good models for human hearts; the hearts are equal size, they weigh the same, in the porcine heart the coronary circulation and lack of collaterals are similar to in human hearts, whereas canine hearts have extended collateral perfusion. However, unlike human hearts, porcine hearts have Purkinje fibres that penetrate the ventricular wall and I to,f is not present. 101 Canine hearts may be a closer match to human hearts with regard to cardiac electrophysiology; the Purkinje fibres are predominantly found in the endocardial layers and there is a large I to,f in mid-and epicardial layers. 19, 22, 217 7.1 | The physiological significance of the
Purkinje fibre distribution
Based on our experimental work as well as the work of other groups Hypothesis 1 is proposed:
A coordinated contraction of the endo-, midand epicardial layers of the ventricular walls can be the result of anatomical adaptations, such as deep penetrating Purkinje fibres (eg, equine and porcine hearts) or regional differences in expression of I to,f resulting in a transmural gradient in the early repolarization of the ventricular action potentials (human and canine hearts).
The hypothesis is supported by the fact that many Category A hearts exhibits transmural gradient in early repolarization whereas Category B hearts have more homogeneous action potential waveforms across the ventricular wall (Table 2 ). To gain further support for the hypothesis, it would be interesting to investigate the electrophysiology in large carnivore hearts where the delay in epicardial activation in the absence of deep penetrating Purkinje fibres could be substantial. Based on ECG data it appears that even large carnivore hearts, such as brown bear hearts, display similar QRS vectors as other Category A hearts. 97 This suggests that similar to canine and human hearts, the depolarization wave propagates from the endocardium to the epicardium. It would be interesting to investigate action potential morphology and whether a gradient in I to and early repolarization across the ventricular wall exist. Would a gradient in early repolarization be sufficient to compensate for the conduction delay from the endo-to the epicardium in very large hearts or are other mechanisms at play? The distribution of the Purkinje network has other interesting implications. It is estimated that in ischemic hearts 60% of arrhythmias are initiated in the Purkinje fibres. 218, 219 The relative long APD makes the Purkinje fibres susceptible to EADs and the connections between Purkinje and ventricular cells have a relative low safety margin for retrograde conduction. Differential conduction delays or anterograde block at one junction could provide the substrate for a classical re-entry circuit. 220 This could explain why the pig develop arrhythmias, including ventricular arrhythmias with little provocation compared to canine hearts. 19, 22 This also has implications for using animal heart as models for human disease. Arrhythmias may originate from different cardiac regions in Category B hearts compared to Category A hearts and the presence of deep Purkinje fibres may also affect the conduction velocity of re-entry circuits. 24, 221 The different distribution of the Purkinje network as well as the differences in action potential configurations including the lack of I to,f demonstrate that Category B hearts (eg, goats, pigs and horses) do not recapitulate human electrophysiology. For instance, many cardiomyopathies, including hypertrophy and heart failure are associated with a reduced I to in humans. This reduction in I to will impact both cellular Ca 2+ handling as well as transmural coordination of contraction. 126, 200 Thus, the Category B hearts may be poor models for the human heart with regard to mechanism(s) underlying the progression of hypertrophy and heart failure.
7.2 | Is pharmaceutically increased I to,f potentially beneficial in heart failure?
The lifetime risk of developing HF is a staggering 20%.
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The 5 year mortality is 50%, approximately half dies from arrhythmias, the other half from pump failure. 190 To provide short-term inotropic support for the failing heart, agents that increase [Ca 2+ ] i such as adrenergic agonists, type 3 phosphodiesterase inhibitors and blockers of the Na + /K + -pump are used. 223 These agents can be life-saving in acute HF, but the oxygen consumption is increased resulting in a decreased efficacy of the heart. In contrast, in chronic HF the aim is to reduce the work load of the heart, either by reduction of neurohumoral stimulation by administration of β-blockers or by reducing the afterload by administration of angiotensin converting enzyme inhibitors, angiotensin II inhibitors or diuretics. 223 It has convincingly been demonstrated that the presence of an early repolarization results in larger L-type Ca 2+ CALLOE | 27 of 35 currents, larger and more synchronized transients in isolated failing cardiomyocytes 92, 126 and the notion that I to plays an important role in transmural coordination of contraction 122 led to hypothesis 2:
Restoration of I to,f in the setting of heart failure has several beneficial effects: (a) Restoration of I to,f increases Ca 2+ influx and Ca
2+
transients and thereby improve contractility at the cellular level. (b) By restoring I to,f the transmural gradient in early repolarization is restored resulting in improve transmural coordination of Ca 2+ transients and contraction.
We have demonstrated that application of the I to,f activator NS5806 results in restoration of the spike-and-dome morphology of action potentials from canine failing hearts. 200 To determine if normalizing action potential shape is beneficial in hypertrophy or heart failure, the AP-clamp technique can be used to provide proof-of-concept by comparing the effects of healthy and failing APs as command potential on Ca 2+ transients and contractility in isolated cardiomyocytes from failing hearts. The potential beneficial effect of restoring the transmural gradient of early repolarization on synchronization of contraction across the ventricular wall in failing Category A hearts also needs experimental support. Currently the experimental work is hampered by the lack of specific I to,f activators and hopefully novel I to,f activators or inhibitors as well as the greater technological potential for viral gene transfer will greatly enhance the prospects of exploring the effects of I to,f activators in the future. Finally, it is important to note that hypertrophy and heart failure are complex syndromes and often represent the final stage of other cardiac diseases, with hypertensive and ischemic heart diseases being the most common. 213 During the progression of heart failure many other alterations take place, including changes in Ca 2+ handling, ultra structural changes and fibrosis. Restoration of I to may not improve these structural changes and obviously, it is important to treat the comorbidities. However, augmentation of I to,f may improve the contractile function of the heart both at a cellular level by restoring Ca 2+ transients and by synchronizing contraction across the ventricular wall. This could potentially minimize the stress of the failing heart and increase cardiac output without increasing energy expenditure.
| Methological considerations
The level of observed heterogeneity across the ventricular wall is influenced by recording method. In intact tissue, the intrinsic APD heterogeneity can be limited by electrotonic interactions between cells; cells that depolarize later will generate repolarizing electrotonic currents to neighbouring depolarized cells, 120, 224 thus coupling tends to attenuate the electrical dispersion in the heart and the differences in action potentials will be augmented in isolated cells. In vivo, cardiomyocytes interact with neighbouring cells, and are under normal circumstances never isolated, which merit the use of the wedge preparations. On other hand, the wedge preparation is characterized by extensive cut surfaces and perfusion may not be evenly distributed. 225 Recordings using floating sharp electrodes give unstable impalements and cannot reliably measure membrane potential, however, it gives an accurately measure of the ADP. On the other hand, the use of voltage sensitive dyes can also affect the electrophysiological properties, often blebbistatin is used to immobilize the tissue may affect cellular electrophysiology as well as Ca 2+ transients 226 and the time resolution is poor.
| Conclusion
Human hearts are examples of Category A hearts that are characterized by a depolarization that spreads through the endocardium from the apex to the free walls, and then from the endocardium to the epicardium. In healthy hearts I to,f plays an important in synchronizing transmural contraction, however, many cardiac pathologies including hypertrophy and heart failure are associated with a loss of I to,f and the transmural gradient in early repolarization. Pharmacological restoration of I to,f in the setting of heart failure may improve Ca 2+ transients and contraction at the cellular level as well as across the ventricular wall and thereby decrease the energy expenditure of the heart and improve cardiac efficacy. As increased I to,f is associated with a risk of phase 2 re-entry arrhythmias as associated with the Brugada syndrome, it important to determine a "Goldilock zone" where the beneficial effects are present, yet, without hampering cardiac safety.
